Background Exercise-induced hypotension in patients with coronary artery disease (CAD) has been considered to be due to an inability to achieve an adequate increase in cardiac output to match the demands of exercise. We investigated 10 consecutive patients (9 men and 1 woman; age, 38 to 71 years; mean, 52 years) with angiographically documented CAD and exercise-induced hypotension (EIH) (BPpeak<BPReSt). Ten approximately age-and sex-matched patients with documented CAD and normal exercise blood pressure response (NBP) served as control subjects.
Methods and Results Nine patients with EIH and all 10 control subjects underwent forearm plethysmography and radionuclide ventriculography (RNV) during semierect cycle exercise. Forearm vascular resistance (FVR) fell by 35+±-21% in exercise-induced hypotension patients versus an increase of 78±65% in patients with an NBP response (P<.0001). Left ventricular ejection fraction increased by 5.1±7.5% in the group with EIH versus a fall of 4.1±6.2% in the control group E xercise-induced hypotension (defined as a systolic blood pressure at peak exercise less than at rest) has been reported in 8% of patients with recent myocardial infarction and 9.5% of patients with old myocardial infarction' and is associated with a poor prognosis.23 This has been associated with severe proximal three-vessel disease, disease of the left main coronary artery, and/or left ventricular systolic dysfunction.4 It has been assumed that the abnormal response during exercise is due to profound left ventricular systolic dysfunction with a consequent failure of cardiac output to rise.56 However, a recent study has reported similar resting ejection fractions and extent of coronary artery disease in patients with both hypotensive and normal exercise blood pressure responses. This led the authors to question whether fixed or ischemia-mediated left ventricular systolic dysfunction was the sole cause of exercise-induced hypotension in such patients.7 systemic vascular resistance decreased by a factor of 10. Successful angioplasty to an isolated circumflex lesion resulted in resolution of symptoms and abnormal hemodynamic responses during exercise.
Conclusions Abnormal vasodilation associated with a normal or even increased rather than decreased cardiac output response appears to be an important mechanism underlying EIH in some patients with CAD. In the present study, this appears to have been the dominant mechanism in 8 We have previously demonstrated that exercise-induced hypotension in patients with hypertrophic cardiomyopathy is due to an abnormal vasodilator response in nonexercising vascular beds rather than an impaired cardiac output response.8 9 Another group has recently demonstrated attenuated forearm vasoconstrictor responses at low (submaximal) levels of supine exercise in patients with coronary artery disease and exercise hypotension. 10 We hypothesized that abnormal vasodilation occurring during maximal exercise may result in hypotension in some patients with coronary artery disease. We therefore studied the responses to exercise in a consecutive series of 10 patients with ischemic heart disease and exercise-induced hypotension to assess the relative importance of abnormal vasodilation and systolic dysfunction. elucidate the mechanism of the hypotension, and he was therefore excluded from the study. The remaining 10 patients comprised the study group and gave written informed consent to undergo further investigation to assess the cause of their hypotension. Eight of these had suffered previous myocardial infarction and 3 had exertional angina. Ten age-and sex-matched patients with angiographically proven significant coronary artery disease and objective evidence of ischemia (on exercise ECG or thallium scintigraphy as outlined above) but with a normal blood pressure response during exercise gave written informed consent to serve as control subjects.
Methods

Study Protocols
Patients were studied in the fasting state, having not taken any cardioactive medications for at least 5 half-lives. The study protocol was approved by the Royal Brisbane Hospital Ethics Committee. Patients 1 through 9 (Table 1) and all 10 control patients underwent exercise radionuclide ventriculography and exercise plethysmography. Patient 1 also underwent invasive hemodynamic studies during exercise. Patient 10 underwent only invasive hemodynamic studies during exercise.
Exercise Radionuclide Ventriculography
Left ventricular function was evaluated by equilibrium R-wave gated blood pool scintigraphy at rest and during graded semisupine exercise on a cycle ergometer. Ten minutes after the intravenous injection of approximately 1.7 mg of stannous pyrophosphate, 5 mL of blood was drawn into a heparinized syringe and incubated for 20 minutes with 925 MBq (25 mCi) of 99mTc pertechnetate before reinjection. Studies were acquired on a small field-of-view gamma camera (GE300A, GE Medical Systems) fitted with a low-energy, general-purpose, parallel-hole collimator and interfaced to a dedicated minicomputer (MaxDelta, Siemens). With the patient on the cycle ergometer, the detector was adjusted for the left anterior oblique view with the best ventricular separation and 100 to 150 of caudal tilt. A 15% tolerance window was set about the patient's heart rate, and each RR interval was divided into 28 equal frames. Data from each beat were acquired into a memory buffer in a 64 x 64 "word" matrix and if accepted were reformatted using 2/3 forward, 1/3 backward gating.
Four minutes of data was acquired at rest and at each incremental level of exercise after a 30-second period for stabilization of heart rate at the commencement of each stage. The initial workload was set at 25 W, increasing by 12.5-W increments. Exercise was terminated due to patient fatigue, breathlessness, progressive chest pain, arrhythmia, heart rate >200 beats per minute, or hypotension (systolic blood pressure lower than baseline).
Rest and exercise radionuclide ventriculograms were analyzed by a single operator unaware of the patient's history or exercise performance. The composite cycle derived from each stage was spatially and temporally filtered. Left ventricular counts in each frame were determined by a semiautomated edge-detection algorithm. Left ventricular ejection fraction was calculated from the background-corrected left ventricular activity-time curve. Stroke counts were calculated as an index of stroke volume from the product of the background-corrected end-diastolic counts and the left ventricular ejection fraction. The product of stroke counts and heart rate was used as a measure of cardiac output (no patient had evidence of mitral or aortic regurgitation).
Exercise Forearm Plethysmography
Patients were studied in a quiet environment at a constant room temperature of between 220 and 24°C. Forearm blood flow was measured using a mercury-in-Silastic strain gauge plethysmography technique (Hokanson).1l Measurements were made at rest and during maximum symptom-limited semierect cycle exercise. Patients were positioned semierect on a cycle ergometer. The right forearm was elevated to allow free venous drainage. A pneumatic collecting cuff was placed around the upper arm and a second cuff was placed around the wrist and inflated for the duration of the recordings to suprasystolic pressure to exclude the hand circulation from the measurements. Measurements of forearm blood flow were obtained by inflating the collecting cuff to 40 mm Hg to prevent venous return. The rate of increase of forearm girth is by guest on April 16, 2017 http://circ.ahajournals.org/ Downloaded from then proportional to forearm blood flow. The cuff was inflated to 40 mm Hg for 10 seconds and deflated for 10 seconds. This was repeated three times and the forearm flow calculated from the mean of the three slopes. The volume variations of the limb segment were measured by means of the electrical resistance variations of the mercury-filled strain gauge. The voltage output from the strain gauge was measured using a high-gain preamplifier and recorded using an Apple McIntosh IIci computer and an Acq Knowledge multichannel data acquisition system (Biopac Systems). Blood pressure was measured in the index finger of the opposite upper limb using a Finapress finger plethysmograph recorder (Ohmeda 2300), and these data, together with standard surface ECG recordings, were also fed to the multichannel recording system on the computer. After measurements were made at rest, patients performed symptom-limited semierect cycle exercise commencing at 25 W and increasing by 12.5 W every 3 minutes. Forearm blood flow was measured at the end of each 3-minute stage and at peak exercise. Forearm vascular resistance (FVR), expressed in resistance units, was calculated as the quotient of the mean arterial pressure (mm Hg) and forearm blood flow (mL/100 mL per minute):
Mean arterial pressure (mm Hg) FR(U t)Forearm blood flow (mL/100 mL/min)
Invasive Studies
A Swan-Ganz catheter was inserted into a central vein under local anesthesia and advanced into the pulmonary artery. A 20-gauge cannula was inserted into the brachial artery of the nondominant arm. Pressures were recorded using Gould-Statham transducers referenced to atmosphere at midchest level and recorded using a Mingograf 7 multichannel recorder. Respiratory gas analysis was performed using an Airspec 200 MGA mass spectrometer linked by an analog-todigital converter to a BBC microcomputer that gave 10-second printouts of oxygen consumption, carbon dioxide production, respiratory quotient, and minute ventilation.12 Mixed venous (pulmonary artery) and arterial blood samples were taken at rest, after each 3 minutes of exercise, and at peak exercise to enable calculation of cardiac output at each of these stages by the direct Fick method. hypotension. Except for the blood pressure responses to exercise, the study group and the control subjects were similar in other respects. The clinical features and erect exercise heart rate and blood pressure responses of the study patients and controls are shown in Table 2 .
Forearm Plethymography
The results are summarized in Fig 1 and in Tables 3  and 4 . During the maximum symptom-limited cycle exercise, resting and peak heart rates were similar in the patients with erect exercise-induced hypotension and in Table 1 . Forearm vascular resistance decreased progressively in 8 of the 9 patients studied but remained virtually unchanged in 1 patient.
Radionuclide Ventriculography
The results of exercise radionuclide ventriculography in the 9 patients with ischemic heart disease and exercise-induced hypotension and those with normal blood pressure responses are shown in Figs 2 with an inadequate rise in left ventricular ejection fraction and cardiac output.
In the literature, exercise hypotension is reported in 5% to 8% of all exercise tests,' and the incidence of hypotension in our series is 4.5%. Three patterns of exercise hypotension are commonly described. In the first, there is a failure of systolic blood pressure to increase during exercise; in the second, systolic blood pressure initially rises during exercise but then falls by at least 20 mm Hg; in the third, systolic blood pressure at peak exercise is less than at rest. In our previous large series of patients with hypertrophic cardiomyopathy we used all three definitions of exercise hypotension, but in that study all exercise tests were performed by one observer. This study reflects the experience of a hospital rather than a research exercise laboratory, with several observers measuring blood pressures during the 375 consecutive routine exercise tests. In this context, we believed that the final definition (systolic blood pressure at peak exercise lower than at rest) was the most clear cut, with little room for interobserver variability, and this definition was therefore used exclusively.
In the present study, we documented that the cause of exercise-induced hypotension in our patients with ischemic heart disease was not an inadequate increase in cardiac output but that there was lation. By contrast, patient 10 had normal resting left ventricular systolic function and an isolated lesion in a nondominant circumflex lesion. The observation of a normal rise in cardiac output during exercise in association with a profoundly exaggerated fall in systemic vascular resistance was believed by the clinician to be so conclusive of vasodilation rather than systolic dysfunction as the cause of his exercise hypotension that exercise plethysmography and exercise radionuclide ventriculography were deemed unnecessary. Subsequently, this patient underwent successful angioplasty to the lesion, with resolution of his angina and exercise presyncope and the development of a normal exercise blood pressure response. It is interesting to note that in the second patient, systemic vascular resistance decreased progressively throughout exercise, yet systolic blood pressure only decreased during the latter part of exercise (Fig 5) . This pattern is similar to that seen in the majority of patients we studied with hypertrophic cardiomyopathy who exhibit exercise hypotension.8"5 Whereas patients with hypertrophic cardiomyopathy and a normal exercise blood pressure response had a rapid decline in systemic vascular resistance in the first 2 to 3 minutes of exercise and a minimal decline during the remainder of exercise, the decrease during the later stages of exercise was more brisk in the patients with hypotension. We assume that during the early stages of exercise, the rapid increment in cardiac output results in an increase in blood pressure, but as the systemic vascular resistance continues to fall later in exercise and the cardiac output starts to plateau, blood pressure falls. Changes in Forearm Vascular Resistance As a group, the patients with exercise-induced hypotension had markedly abnormal forearm vascular responses during semierect cycle exercise compared with the control patients with coronary artery disease who had a normal exercise blood pressure response. The response of the control patients was similar to what we have previously reported in normal subjects.9 In 8 of the 9 study patients, the forearm vascular response on exercise was vasodilation. In the ninth patient, there was no net change in forearm vascular resistance during exercise. This response is nevertheless abnormal and if reflected in other non-exercising vascular beds, when combined with the profound vasodilation known to occur in exercising vascular beds, would result in an exaggerated fall in systemic vascular resistance on exercise. As a group, the ischemic control patients exhibited a slightly lesser forearm vasoconstrictor response than normal subjects; indeed, 1 patient exhibited a vasodilator response, but the difference in this small series was not statistically significant.
Changes in Left Ventricular Function
As a group, patients with exercise-induced hypotension who underwent exercise radionuclide ventriculography had different responses compared with those patients with normal blood pressure responses. Ejection fraction and stroke counts (a measure of stroke volume) increased in patients with exercise-induced hypotension but fell in those with a normal blood pressure response. End-diastolic counts (a measure of end-diastolic volume) decreased during exercise in patients with exercise hypotension but did not change significantly in those with a normal blood pressure response. Although absolute cardiac outputs were not measured, the patients with exercise-induced hypotension exhibited a greater relative increase in cardiac output than those with a normal blood pressure response. Our calculations of change in cardiac output on exercise are based on stroke counts and heart rate and therefore do not account for any valvular regurgitation. However, none of the patients had significant resting mitral or aortic regurgitation. Furthermore, given the profound afterload reduction and reduction in cardiac size during exercise in patients with exercise-induced hypotension compared with those without hypotension, we believe that valvular regurgitation is unlikely to have contributed importantly to our results.
Our observations are in contrast to those of a previous study in which left ventricular ejection fraction fell slightly during exercise in a series of patients with coronary artery disease and exercise-induced hypotension but did not change in a group with a normal response.5 However, they are consistent with another study in which patients with ischemic heart disease and exercise-induced hypotension had similar resting ejection fractions and extent of coronary disease to those with a normal blood pressure response, leading the authors to question the role of fixed or ischemiamediated left ventricular systolic dysfunction in the pathophysiology of the hypotension.7 It may well be that systolic dysfunction may be an important mechanism of hypotension in some patients; however, our data from this small consecutive series suggest that a more important mechanism of exercise-induced hypotension may be a fall in systemic vascular resistance caused by an abnormal vasodilator response in nonexercising vascular beds. In 8 of our 10 patients, this appears to have been the dominant mechanism, whereas in 2 patients it seems likely that abnormal vasodilation and left ventricular systolic dysfunction both played significant roles (Table 5) .
Mechanism of Abnormal Vasodilation
The mechanism of the abnormal vasodilator response has not been fully clarified. Forearm vascular responses during exercise may not necessarily mirror changes in the quantitatively more important splanchnic vascular bed, although the literature suggests that changes in both vascular beds during exercise are usually similar. In the one patient studied both invasively and by exercise forearm plethysmography, the forearm vascular response and the abnormal fall in systemic vascular resistance were in agreement. Notwithstanding the above caveat, the forearm vascular responses of patients with exercise-induced hypotension were clearly abnormal. Abnormal vascular responses during exercise may well be relatively common in patients with ischemic heart disease, and the exercise blood pressure response during exercise will thus be determined by the degree of the abnormality of the vascular response and by the ability of the heart to increase cardiac output.
The exercise forearm vascular studies and radionuclide studies were performed during semierect cycle exercise rather than during erect treadmill exercise. It is noteworthy that while by definition all 10 patients exhibited hypotension on erect treadmill exercise testing, 4 of the 10 patients did not exhibit hypotension during semierect cycle exercise testing although the blood pressure response was very flat. We observed similar discrepancies in blood pressure response comparing erect versus supine exercise testing in our large series of patients with hypertrophic cardiomyopathy.8,9 Several mechanisms may be responsible. Higher filling pressures in the supine or semierect positions may result in a higher cardiac output. Local left ventricular wall stresses may be different in the semierect versus the erect position, and this may influence activity of the left abnormal response. Neither forearm plethysmography nor gated heart pool scanning are technically feasible during erect exercise testing, and semierect cycle testing is therefore a compromise.
This study suggests that abnormal vasodilation may be an important mechanism of exercise hypotension in patients with ischemic heart disease. While the series represents a consecutive, unselected series of such patients, it is of course rather small and it is possible (indeed likely) that in some patients with severe extensive coronary artery disease, the mechanism of hypotension may be a poor cardiac output due to ischemiamediated left ventricular dysfunction. In particular, none of the patients had left main stem disease. This is a reflection of sample size rather than a selection bias. Recent literature reports that between 10% and 15% of patients with exercise hypotension have left main stem disease, and the absence of such patients in a series of only 11 is therefore not surprising. It is noteworthy, however, that patient 1 had severe three-vessel coronary artery disease and severe resting left ventricular systolic dysfunction, yet the mechanism of hypotension was clearly an abnormal vasodilator response rather than an inadequate cardiac output response.
Conclusions
We have demonstrated that an abnormal vasodilator response may be the cause of exercise-induced hypotension in some patients with ischemic heart disease. The true incidence of such a vasodilator response compared with systolic dysfunction as a cause of exercise-induced hypotension will require clarification in a larger consecutive series. The pathophysiological importance of this observation is underscored by the known association between exercise hypotension in ischemic heart disease and a poor prognosis.
